MITOCHONDRIAL AND HV TdR(CdR) KINASES 487 be presented demonstrate that a bifunctional deoxypyrimidine kinase with activities that duplicate two separate cytosol enzymes is, in fact, present in mitochondria and, also, that a bifunctional deoxypyrimidine kinase is induced by some, but not all, herpesviruses. The herpesvirus-induced deoxypyrimidine kinases are located in the cytosol and differ in certain properties from the dual activity mitochondrial deoxypyrimidine kinase.
MATERIALS AND METHODS Cells. LM(TK-I and HeLa(BU25) are cytosol TdR kinase F-deficient cell mutants derived from LM mouse fibroblasts and human HeLa S3 cells, respectively. These cell lines were grown in 8-ounce (ca. 0.24 liter) prescription bottles in Eagle minimal essential medium (APMEM) (Auto Pow, Flow Laboratories Inc., Rockville, Md.) supplemented with 10% calf serum and 25 gg of BrUdR per ml (9, 11, 12) . In some experiments, 50 ug of chloramphenicol per ml was added to the medium of HeLa(BU25) cells at 2 days after subculture, and the cells were harvested 4 days later. Chloramphenicol treatment prevents the formation of mitochondrial TdR kinase B (electrophoretic mobility [Rm ] = 0.4), but does not inhibit the formation of the genetically distinct human mitochondrial TdR kinase A (S. Kit Induction of TdR kinase activity in virus-infected cells. Confluent monolayer cultures of LM(TK-) cells were infected with HSV-1, HSV-2, PRV, MarHV, and MarHV(TK-) at input multiplicities of 5 to 10 PFU per cell and harvested 6 h later. Frozen, viable HVT-infected cells were thawed, rinsed with medium, and added to 1-day-old cultures of primary chicken embryo cells in a ratio of 1:5 or 1:10 HVTinfected cells to chicken embryo cells. Cells were harvested 5 to 6 days after seeding. Confluent monolayer cultures of OMK cells were infected with EHV-1 or H. aotus. The EHV-1-infected cells were harvested 10 to 18 h after infection, prior to the onset of marked cytopathogenicity. H. aotus-infected OMK cells were harvested 3 days after infection when cytopathic effects were observed microscopically.
Preparation of enzyme extracts. The cytosol fraction (post-microsomal high-speed supernatant) and purified mitochondria were prepared as described previously (9) , except that nonradioactive thymidine was omitted from the buffers used to prepare the enzymes. This was necessary since the enzyme preparations were assayed for both TdR and CdR phosphorylating activities and nonradioactive TdR inhibits the phosphorylation of [ITC CdR by deoxypyrimidine kinase.
For the partial purification of cytosol and mitochondrial fractions from uninfected and virusinfected cells, calcium phosphate gel (3 mg [dry weight] of gel per mg of protein) was added to the high-speed supernatant (fraction 1; about 4 mg of protein/ml) containing 10% glycerol (vol/vol). After stirring for 15 min at 4 C, the suspension was centrifuged at 10,000 x g for 10 min at 4 C to sediment the gel. To the supernatant (fraction 2) solid ammonium sulfate was slowly added to a concentration of 0.28 g of ammonium sulfate per ml. After stirring for 30 min at 4 C, the precipitate was collected by centrifugation and resuspended in enzyme buffer (0.15 M KCI, 0.003 M 2-mercaptoethanol, 0.01 M Tris-hydrochloride buffer, pH 8.0 [25 C]) containing 10% glycerol (vol/vol) (fraction 3). Portions of each of the fractions were assayed for protein and for TdR and CdR phosphorylating activities. Portions of fractions 1 and 3 were also used for disc polyacrylamide gel electrophoresis (PAGE), isoelectric focusing, and glycerol gradient centrifugation analyses.
In some instances the mitochondrial enzymes in fraction 1 extracts were precipitated by the addition of ammonium sulfate to 33% saturation without prior treatment with calcium phosphate gel. The precipitate was collected by centrifugation and redissolved in enzyme buffer containing 10% glycerol (vol/vol). This resulted in a three-to fourfold purification of the TdR kinase activity. In other experiments, fraction 3 enzymes were prepared from mitochondrial extracts as described above.
To obtain the cytosol CdR kinase from uninfected cells, ammonium sulfate was added to fraction 1 to 40% saturation, the precipitate was removed, and additional ammonium sulfate was added to 70% saturation. The precipitate was collected, dissolved in enzyme buffer, dialyzed against enzyme buffer, and stored at -20 C in enzyme buffer containing 10% glycerol (vol/vol) (16-fold purification).
Assay of TdR kinase. For TdR kinase assays, ATP (12 mM Disc PAGE analyses of herpesvirus-induced enzymes. The disc PAGE analyses shown in Fig. 2 provide further evidence that the purified fraction 3 enzymes induced by MarHV, HSV-1, and HSV-2 are capable of phosphorylating both TdR and CdR. The Rm values for both the TdR kinase and CdR kinase activities are 0.61 to 0.64 for the HSV-1-, HSV-2-, and the MarHV-induced enzymes (Fig. 2) . Disc PAGE analyses also demonstrated [8] [9] [10] [11] [12] [13] . The electrophoretic mobilities of OMK cytosol TdR kinase F and CdR kinase 2 were not altered by EHV-1 ( Fig. 3c and  d ) and H. aotus ( Fig. 3e and f) Isoelectric focusing analyses of phosphorylating enzymes induced by MarHV and HSV-2. These analyses (Fig. 4) demonstrate that the isoelectric point is about 6.0 for both the TdR and CdR phosphorylating enzymes induced by MarHV and HSV-2.
Glycerol gradient centrifugation analyses. Purified (fraction 3) TdR and CdR phosphorylating enzymes were analyzed by glycerol gradient centrifugation (Fig. 5) A isozymes in phosphate donor specificities, electrophoretic mobility, and isoelectric points, but that they differ from the mitochondrial TdR kinase A isozymes in antigenic determinants, CHONDRIAL AND HV TdR(CdR) KINASES 493 sedimentation coefficients, and sensitivity to dCTP inhibition (10) . Unlike the herpesvirusinduced TdR kinases, the mitochondrial TdR kinase A isozymes were markedly inhibited by dCK (b) Mar HV-Infected relatively low concentrations of dCTP (Fig. 6) . It is known that dCTP is also a potent feedback inhibitor of purified CdR kinase (4, 7). Not surprisingly, dCTP strongly inhibited the CdR kinase reaction catalyzed by the mitochondrial enzymes from LM(TK-) and HeLa(BU25) cells (Fig. 6) . The concentrations of dCTP required to inhibit the mitochondrial TdR and CdR phosphorylating activities were very similar. In contrast, both the TdR and CdR phosphorylating activities induced by purified fraction 3 MarHV and HSV-2 enzymes were relatively insensitive to dCTP inhibition.
Km values for TdR and CdR of the mitochondrial and MarHV-induced enzymes. Although the enzymes purified from the cytosol fraction of MarHV-infected cells and from mitochondria of HeLa(BU25) and chicken embryo cells exhibited both TdR kinase and CdR kinase activities, the affinity of the enzymes for TdR was much greater than that for CdR. Figure 7 shows Lineweaver-Burk plots illustrating the effects of varying the TdR and CdR concentrations on the phosphorylating activities. Jamieson et al. (5, 6 ) and the present study, mutation of the herpesviruses to BrUdR resistance or to ara-C resistance results in the simultaneous loss of both the TdR and CdR phosphorylating activities. The substrate competition and Km determinations further indicate that TdR is used in preference to CdR by the herpesvirus-induced enzymes.
Previous studies have shown that the herpesvirus-induced TdR kinase isozymes resemble mitochondrial TdR kinase A in disc PAGE mobility, isoelectric point, and phosphate donor specificity (8) (9) (10) (11) (12) (13) . The fact that the nucleoside acceptor specificities of the mitochondrial and aforementioned herpesvirus-specific isozymes are less stringent than that of the cytosol phosphorylating enzymes of uninfected cells represents another common property. However, the viral-induced enzymes differ from mitochondrial TdR kinase A (CdR kinase 1) in antigenic determinants and sedimentation coefficients, showing that they are distinctive. Another difference is that both the CdR and TdR phosphorylating activities of the mitochondrial isozyme are very sensitive to dCTP inhibition, whereas the CdR and TdR phosphorylating activities of the herpesvirus-induced enzymes are not.
In contrast to the HSV-1-, HSV-2-, and MarHV-specific deoxypyrimidine kinases, at least two herpesviruses, PRV and HVT, induce salvage pathway enzymes with TdR, but not CdR, phosphorylating activities. Furthermore, these and previous studies show that other herpesviruses such as EHV and H. aotus resemble mutant strains of HSV-1, HSV-2, MarHV, and PRV in that they lack both TdR and CdR kinase inducing activities (Kit et al., in press ).
The preceding observations raise interesting questions as to the evolution of the various pyrimidine deoxyribonucleoside phosphorylating isozymes and their possible relationships. These questions can be resolved when the amino acid sequences and three-dimensional structures of the enzymes become available. We thank Judith Rotbein and Mary D'Anton for technical assistance.
